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Introduction
Writer's cramp (WC) is the most common form of focal task-specific dystonia (FTSD) which manifests as involuntary contraction or abnormal posturing of the hand, forearm or upper arm muscles selectively triggered by handwriting (Albanese et al. 2013; Stahl and Frucht 2017) . Dystonia in WC typically is highly task specific and appears only during planning and execution of writing but not during a related task such as pencil sharpening that may involve the use of similar object and muscle groups (Sheehy and Marsden 1982) . Several neurophysiologic abnormalities have been described in patients with FTSD such as reduced cortical inhibition and deficits in sensorimotor integration and plasticity (Berardelli et al. 1998; Hallett 2006) .
However, the full pathophysiology of this disease still remains unclear.
Previously, it was just thought that FTSD was a disorder with certain neurophysiological abnormalities resulting from aberrant control of the basal ganglia over the sensorimotor cortex (Simonyan et al. 2017; Berman et al. 2013 ). However, this view is changing and FTSD is currently being perceived as a network disorder.
Recent studies have revealed abnormal structural and functional connectivity in the premotor-parietal network of all types of FTSD patients (Bianchi et al. 2019) . The majority of studies in FTSD have been done in WC patients. Functional neuroimaging studies have revealed significant differences in the resting state functional connectivity between parietal cortex and the writing area in dorsal premotor cortex during resting state functional magnetic resonance imaging (fMRI) in WC patients (Delnooz et al. 2012; Mantel et al. 2018; Mohammadi et al. 2012 ). In addition to resting state studies, some others have shown that handwriting involves higher activation of the contralateral dorsal and ventral premotor, posterior parietal cortices and putamen in addition to ipsilateral cerebellum (Horovitz et al. 2013; Potgieser, van der Hoorn, and de Jong 2015) . Further, Gallea and colleagues (2016) demonstrated that WC patients had decreased activation of contralateral premotor, motor, posterior parietal areas of the cortex during handwriting but not during other motor tasks. They also reported that parietal-premotor connectivity was reduced in WC patients during handwriting. Transcranial magnetic stimulation studies using a triple coil technique have revealed intra-hemispheric functional connections between premotor, parietal and primary motor areas (Shields et al. 2016) . Thus, it is clear that the parietal-premotor circuit is of great relevance in the pathophysiology of WC.
Motor imagery is the mental rehearsal of a motor act without overt movement (Porro et al. 1996) . Motor imagery is known to activate neural networks similar to those activated during planning and performance of the motor task (Decety 1996b (Decety , 1996a .
Motor imagery is therefore a promising tool that has been helpful in evaluating the motor system neurophysiology while reducing the influence of overt movement on sensorimotor circuits. The study of imagined movements is of relevance particularly in WC research since previous studies have shown abnormalities in corticospinal excitability (Quartarone et al. 2005 ) and cortical connectivity (Castrop et al. 2012; Delnooz et al. 2013) in these patients during motor imagery. Delnooz et al (2013) used fMRI to demonstrate that motor imagery of handwriting itself could induce abnormally high levels of dorsal premotor activation in WC patients compared to healthy controls. Another study has revealed deficient basal ganglia-premotor activation in WC patients during motor imagery (Castrop et al. 2012) . The dorsal premotor area seems to be more relevant for action planning and motor imagery than the sensorimotor area and also seems to be more affected in WC patients.
However, there is no study that has evaluated the changes in functional connectivity during motor imagery of writing in WC patients using electroencephalography (EEG).
In the current study, our aim was to determine, using EEG, if changes occur in functional connectivity within the task-specific network during handwriting and motor imagery of handwriting and if these changes are different in WC patients compared to healthy controls. We hypothesized that functional connectivity within the taskspecific network for handwriting which includes the contralateral premotor, posterior parietal and bilateral primary motor cortices would be lower in WC patients during handwriting as well as during motor imagery of handwriting. Further, we also wanted to determine if the decrease in functional connectivity within the task-specific network correlated with disease duration.
Methods
We recruited 15 WC patients (age = 60.8  6.2; 5 females) and an equal number of age-and gender-matched healthy controls (age = 62.1  5.8; 5 females). All participants were right-handed as evaluated by the Edinburgh handedness inventory (Oldfield 1971 GmbH, Herrsching, Germany) and EEG was recorded at a sampling rate of 5000Hz (Brainamp MR, Brain Products GmbH, Munich, Germany) with FCz and AFz as reference and ground electrodes, respectively. The electrode layout is depicted in Figure 1A . Electrode impedances were strictly maintained below 10Kohms throughout the duration of the experiment. The experiment was divided into 6 blocks with 20 trials in each block. Each trial began with a white cross displayed at the center of the computer screen, on which the participants fixated for 10 seconds. This was considered the rest phase. Then, an instruction indicating the task to be performed was displayed for one second. Following this, a green cross appeared on the screen for 10 seconds, during which the subjects performed the instructed task.
The subjects performed one of the 4 tasks ('write', 'sharpen', 'imagine writing' or 'imagine sharpening') as per the instruction displayed on the screen. The order of the tasks was randomized within each block. At the end of 10 seconds, the white fixation cross appeared again indicating rest phase and the beginning of the next trial ( Figure   1B ). For the motor tasks, the subjects had to pick up the pencil from the table and start writing on the notepad or make the manual sharpening movement while fixating at the green cross on the screen. All participants wrote the sentence 'A quick brown fox jumped over the lazy dog' repeatedly or performed manual sharpening action for 10s. At the appearance of the white cross, they stopped the task and placed the pencil back on the table. For the motor imagery tasks, the subjects were instructed to imagine as if they performed the respective motor tasks; i.e., they imagined that their right hand picked up the pencil from the table and performed the writing or sharpening task as long as the cross was green. All participants practiced the tasks twice prior to the experiment. EEG was recorded continuously during the experiment and the data were stored for offline analysis. The task design was adapted from neuroimaging studies that revealed the task-specific network for handwriting and its abnormality in WC patients (Gallea et al., 2016; Horovitz et al., 2013) .
Data were analyzed using EEGLAB and fieldtrip toolboxes (Delorme and Makeig 2004; Oostenveld et al. 2011) . Standard preprocessing steps including bandpass filtering from 2 to 50Hz, downsampling to 1000Hz, removal of bad trials (such as those with gross head movement), and removal of artifacts such as eyeblinks and eye movements using ICA were performed. Surface Laplacian filter was applied using the CSD toolbox (Version 1.1)
[http://psychophysiology.cpmc.columbia.edu/Software/CSDtoolbox] Tenke 2006a, 2006b) . For the final analysis, we included 18  6 (mean  SD) trials per subject and task in the patient group and 20  5 trials in the healthy control group. The data were then segmented so as to remove the first 5 seconds of the rest and task phases which were contaminated by unwanted hand movements (picking up the pencil or placing it back on the table). The remaining 5s of data from the clean trials were used for further analysis. Results of fMRI studies from our group (Gallea et al., 2016; Horovitz et al., 2013 ) revealed significant differences between subject groups in the cortical network comprised of bilateral primary motor cortices, contralateral premotor and posterior parietal cortices. Hence, we expected to observe coherence changes of EEG in the same regions. Hence, we chose C3, C4, FC1 and P3 as electrodes of interest (EOI), which we expected to correspond to bilateral sensorimotor, contralateral premotor and posterior parietal regions which constitute the handwriting network. It is known from earlier several studies that the alpha and beta frequency bands are more relevant to voluntary motor tasks (Pfurtscheller and Lopes da Silva 1999) . Also, since past studies have observed abnormalities in these frequency bands in WC patients, we decided to specifically look into these frequency bands in detail (Kristeva et al., 2005) . Time frequency representations were calculated using short-time Fourier transforms with Hanning window tapering. Sliding time windows of 1s length were used with 50% overlap between consecutive segments, yielding a frequency resolution of 1Hz. Power and coherence were calculated for all frequency bins within the alpha (8-13Hz) and beta (14-30Hz) frequency bands for each subject and condition by averaging the respective values across the entire time period for all trials. For the alpha band specifically, partial coherence was calculated to avoid contamination from the occipital channels (Andrew and Pfurtscheller 1997; Mima, Matsuoka, and Hallett 2000; Rosenberg et al. 1998) . Logarithmic transformation was applied to power data and inverse hyperbolic tangent transformation was applied to coherence data to stabilize the variance and achieve normal distribution (Mima et al. 2001) . Further, task-related power/coherence was calculated by subtracting normalized, that is, logtransformed power or inverse hyperbolic tangent-transformed coherence during rest from that during task. Multivariate analysis of variance (MANOVA) with repeated measures design was used for statistical testing. Statistical analysis was performed using IBM SPSS Statistics version 23. For this, the task-related power over 4 EOIs or the task-related coherence between 6 pairs of EOIs were taken as the dependent variables; task was the independent within-subject factor and subject group was the independent between-subject factor. Separate MANOVAs were performed for the alpha and beta frequency bands. The data were checked for sphericity using Mauchly's test, and Greenhouse-Geisser correction was applied wherever necessary. A p-value < 0.05 was considered statistically significant. Relevant post hoc pairwise comparisons were done and Bonferroni correction was applied to correct for multiple comparisons.
Results
All subjects tolerated the experiment well. No adverse events were reported during the study. We found no significant difference in the age (t(28)=-0.608; p=0.548; unpaired t-test) and gender ( 2 (1,N=30) = 0; p=1; Chi-square test) between the two subject groups. The mean handedness score for patients was 83.43  15.6 (SD) and that for healthy controls was 85.68  15.7 (SD) showing no significant difference in handedness between the groups (t(26) = 0.380, p = 0.707 , unpaired t-test).
Unpaired t-tests were performed to compare the alpha and beta power and coherence at rest between WC patients and healthy controls ( Supplementary Table   1 & 2). We did not find any significant difference in either measures between the subject groups over any of the EOIs ( Supplementary Figure 1 & 2) . We observed reduction in task-related power (TRP) in the alpha band for all 4 tasks -alpha TRP was larger for the motor tasks than for motor imagery tasks as expected. However, there was no significant difference in the alpha TRP between the subject groups for any of the tasks over any of the EOIs. MANOVA showed significant main effect of task for all EOIs, but no significant group effect (Table 2A) .
There was also no significant task x group interaction. (See Figure 2A ).
In the beta frequency band, however, WC patients showed weaker suppression of TRP for the motor tasks as compared to healthy controls over all EOIs. MANOVA showed significant interaction of task x group for C3, C4 and P3 but not for FC1 (Table 2B ) in addition to significant main effects of group and task. Further, Bonferroni-corrected post hoc pairwise comparisons using unpaired t-tests revealed significant differences between the groups for all motor tasks (wr: handwriting; sh:
sharpening) but not for motor imagery tasks (imwr: motor imagery of handwriting;
imsh: motor imagery of sharpening) over all EOIs (Table 2C) . (See Figure 2B) .
Task-related coherence (TRC) in alpha band showed significant main effect of task for C3-C4, C3-P3, FC1-C4 and C4-P3, whereas the same in beta band showed significant effect of task for FC1-P3, C3-P3, FC1-C4 and C4-P3 (Tables 3A and   3B ). Main effect of group was nearly significant for FC1-C3 in both alpha and beta bands. Significant task x group interaction was observed only for C3-C4 coherence in the alpha band. Further, Bonferroni-corrected pairwise comparisons revealed significant differences in C3-C4 alpha coherence between the subject groups only for the handwriting task and not for sharpening or other motor imagery tasks (Table 3C) .
(See Figures 3A and 3B) .
Pearson's Correlation of C3-C4 coherence in the alpha band for handwriting with disease duration in patients was not statistically significant (r = 0.116, p = 0.707).
(See Figure 4 ).
Discussion
Our results show that task-related reduction in beta power was significantly lower in WC patients for all motor tasks but not for motor imagery tasks. Most importantly, we found that although task-related alpha power was similar in WC patients and healthy controls, the task-related alpha coherence between C3 and C4 electrodes (corresponding primarily to ipsi-and contra-lateral sensorimotor regions, respectively) was significantly reduced in WC patients exclusively during handwriting. However, it was contrary to our expectations that we did not see similar reduction in interhemispheric coherence (IHC) during motor imagery of handwriting.
Since none of our patients reported cramping during motor imagery, it is possible that only symptomatic patients may have showed associated neurophysiological changes. We also did not find any significant difference in the premotor-parietal network connectivity as hypothesized. Further, task-related beta coherence was not different between subject groups for the electrode pairs of interest. The alpha and beta power/coherence at rest over EOIs were not different in WC patients as compared to healthy controls. Hence, the significant differences in power/coherence observed between the subject groups were not due to differences in their baseline values.
Beta band abnormality in WC patients
In the current study, we observed reduction in the spectral power during all motor and motor imagery tasks in both alpha and beta frequency bands over all EOIs. The reduction in power was greater for motor tasks than for motor imagery tasks. Our key finding was that task-related reduction in beta power for motor tasks was less in WC patients as compared to healthy controls. However, task-related alpha power reduction was similar between subject groups. These findings are in accordance to those described by Kristeva and colleagues (Kristeva et al. 2005) . In their study, it was demonstrated that there was higher reduction in alpha and beta spectral power during handwriting than during isometric muscle contraction which was attributed to the higher complexity of the motor programming involved in the writing task (Manganotti et al. 1998 ). More importantly, they also showed a smaller reduction in the beta power during handwriting but not during isometric muscle contraction in WC patients as compared to healthy controls. The beta band abnormality was thought to be associated with impaired sensorimotor coupling and deficient intracortical inhibition which are also found in WC patients. Hence, they concluded that the beta spectral power abnormality indicated an impaired state of activation of the cortical oscillatory network and was mostly due to impaired modulation of intracortical inhibition. While Kristeva et al. demonstrated a beta band abnormality during motor task execution, Toro and colleagues (2000) had revealed similar findings during movement pre-execution period. They showed that movements of the affected and unaffected hand in WC patients were accompanied by less reduction of the beta power without significant reduction in alpha power during the pre-execution phase. In our study, we were able to replicate and thus establish the abnormality in beta band power that exists during performance of motor tasks in WC patients. Past studies from our group had evaluated functional connectivity during finger tapping (a task that did not induce dystonia) and found less connectivity over bilateral centro-parietal regions of FTSD patients as compared to healthy controls, primarily in the beta band. They used mutual information as the connectivity measure and evaluated both WC and musician's dystonia patients.
These results, although greatly relevant to the general pathophysiology of FTSD, do not yield much information regarding the task-specific changes in connectivity which is characteristic of WC patients. We know that the physiological changes of writer's cramp are more evident during cramping (Chen et al. 1997 ). Hence, we studied purely WC patients as they performed a task that induced dystonia. However, we
were not able to show any significant difference in the beta band connectivity between WC patients and healthy controls. Unlike the Jin et al. study, we used a different measure of connectivity -coherence, and we also applied a spatial filter (current source density) to evaluate connectivity of individual electrode regions rather than pooling the connectivity of electrodes over a large area covering bilateral centro-parietal regions. Using a different analysis method and connectivity measure, we were able to demonstrate reduction in task-related alpha but not beta coherence in WC patients during handwriting.
Impaired interhemispheric coherence in WC patients
Although we did not observe any abnormal connectivity in the beta band, we found significantly reduced interhemispheric task-related alpha coherence between C3 and C4 electrodes that may primarily correspond to bilateral sensorimotor regions in WC patients. That is, WC patients showed less IHC in the alpha band during handwriting as compared to healthy controls. This reduction in IHC was not observed during the other motor task -sharpening a pencil or even during motor imagery of handwriting.
Hence, we think that reduced IHC in the alpha band during handwriting may be a functional correlate of the task specific pathology in WC patients. However, we did not find any significant correlation of this measure with disease duration which we think could be because all our patients had been symptomatic for a long duration (>10 years) and were not representative of the complete disease spectrum.
A past study on oscillatory coupling in WC patients using magnetoencephalography (Butz et al. 2006 ) revealed more frequent coupling of bilateral sensorimotor cortices in the alpha band (first harmonic of writing frequency) in WC patients. However, the study involved fewer patients (n=8) and used a different analysis method. They examined if there was a statistically significant difference in the proportion of subjects in each group who had coherence values above the 95% confidence interval. Hence, we think that their results, which seem to be contradictory to ours, are not comparable to those from our current study. From several neurophysiology studies, we know that although dystonia symptoms are unilateral, both hemispheres are affected in WC patients as evidenced by reduced short-latency intracortical inhibition (Ridding et al. 1995) and shortened cortical silent period (Rona et al. 1998 ).
The cortical hand representation is also more affected in the hemisphere contralateral to the non-dystonic hand than that of the dystonic hand (Meunier et al. 2001 ). However, Chen and colleagues (1997) Interestingly, unlike other measures of cortical inhibition, interhemispheric inhibition (IHI) is impaired only on the hemisphere contralateral to the dystonia affected hand (Nelson et al. 2010) . This may imply that IHI is more relevant to dystonia symptoms than other intracortical inhibition parameters.
It is postulated that reduced tonic firing of globus pallidus interna neurons of the basal ganglia's direct pathway accompanied by abnormal temporal discharge patterns may be responsible for disinhibiting the motor cortical areas resulting in enhanced facilitation and expansion of the 'center' in the present center-surround model for dystonia (Mink 2003) . Alternatively, there could also be a deficit in the inhibitory surround that is mediated by an impaired indirect pathway. Either or both of the above result in abnormal co-contraction of agonist and antagonist muscles that are unrelated to the task. In FTSD, the problem is more likely to lie in the taskspecific circuit and not the entire motor circuit. And from our results, we speculate that poor connectivity between the bilateral motor cortices decreases the inhibitory control of the ipsilateral motor cortex over the contralateral one, thereby resulting in cramping, and perhaps also contributing to mirror dystonia in some subjects.
However, the causal association of interhemispheric hypoconnectivity in WC needs to be established in future studies. Also, how the basal ganglia output to the ipsilateral motor cortex and other components of the task-specific network is altered warrants further research. Butz and colleagues (Butz et al. 2006 ) have already reported, in a small set of WC patients, decreased connectivity between the cerebellum and contralateral posterior parietal area during handwriting. More elaborate functional connectivity studies are necessary to reveal abnormalities in the basal ganglia's influence on the task-specific network. Intriguingly, multimodal neuroimaging analyses have consistently shown that all forms of task specific dystonia seem to have a common pathophysiological framework involving primarily the premotor-parietal aberrations (Fuertinger and Simonyan 2018; Bianchi et al. 2019; Gallea et al. 2016; Delnooz et al. 2013 ). However, the same has not been replicated in magnetoencephalography or EEG studies (Butz et al. 2006; ), including the current one, which could be attributed to the basic differences in the techniques themselves. The fMRI network derived from the Blood-Oxygen-Level-Dependent (BOLD) responses involved in task processing is likely to reflect the summed neural activity of several oscillatory EEG networks reflecting both induced and evoked responses, including those that derive from frequency-dependent phase alignment (Burgess 2012; Whitman, Ward, and Woodward 2013) and integrated over time. On the other hand, the EEG networks may oscillate at multiple frequencies and the activity of separate networks may vary as a function of the cognitive states lasting only a few hundred milliseconds which may be difficult to record, or be integrated over space. Nevertheless, it is important to integrate the findings from multiple modalities to completely understand the disease pathophysiology and develop a successful interventional strategy.
Limitations
It would have been ideal to have performed a source-level connectivity analysis and to have shown functional uncoupling between the two sensorimotor cortices.
However, 32 channel recording in our study would not have been sufficient to obtain precise source localization. Hence, we limited ourselves to sensor-level analysis where volume conduction emerges as a serious confound impacting the interpretation of the results (Schoffelen and Gross 2009 ). Nevertheless, based on recommendations from past studies (Mima et al. 2001) , we used the surface Laplacian filter to achieve reference free signal and also minimize the issue of volume conduction in our EEG data (Nunez et al. 1997) . We think that although this would have helped to deal with the volume conduction problem to a great extent, further studies are needed to confirm our findings at the source-level. On the other hand, it is also possible that the current source density (CSD) function was too conservative and there could have been erroneously high spatial filtering effect, which might have been the reason for not being able to detect any premotor-parietal coherence differences. It is known that with CSD, the coherent EEG distributing over multiple regions could have been taken as a single wide spreading activity with low spatial frequency (Mima, Matsuoka, and Hallett 2000) . We would like to point out that our results showed a near-significant main effect of group for parietal-premotor coherence in both alpha and beta bands which indicates that there could be a reduction in parietal-premotor connectivity that is non-task-specific in WC patients.
Secondly, as stated above, all our patients had been symptomatic for at least 10 years which makes our patient sample non-representative of the complete disease spectrum. Lack of data on behavioral measures such as clinical severity and handwriting parameters is another limitation of this study. It is possible that the neurophysiological differences that we observed in the study were caused by differences in the kinematics of the movements carried out by patients and healthy controls. For example, the cramps experienced by patients while writing lead to breaks in the movement sequence which could have modulated task-related power changes. Finally, as mentioned earlier, the reduced interhemispheric connectivity could be reflecting mirror movements that were more likely to have occurred in patients than healthy controls.
Conclusion
We were unable to confirm a deficit of premotor-parietal communication during handwriting in the WC patients. However, we have demonstrated task-specific reduced IHC in sensorimotor regions in the alpha frequency band. It is therefore conceivable that interhemispheric functional connectivity between C3 and C4 electrodes, which may primarily correspond to bilateral sensorimotor regions, is critical in the pathophysiology of WC, but we could not define a behavioral correlate.
We speculate that interhemispheric alpha coherence may correlate with behavioral measures such as handwriting parameters, clinical severity of the disease, or the presence of mirror dystonia. Further studies are warranted to confirm our results by examining functional connectivity changes at the source-level along with assessment of relevant behavioral measures. It will be worthwhile to explore the causative role of the functional alpha uncoupling between bilateral sensorimotor cortices in WC patients during handwriting. This may be possible by using transcranial alternating current stimulation or other non-invasive brain stimulation techniques to entrain the two hemispheres to synchrony or asynchrony and evaluating the effects on behavior.
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Figure legends

Figure 4:
Correlation between interhemispheric alpha coherence and disease duration. Shows that there is no significant correlation between disease duration and C3-C4 coherence in the alpha band during handwriting. 
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